Accelerator-driven thermal-spectrum molten-salt nuclear technology can greatly simplify nuclear energy technology by eliminating reprocessing and greatly enhancing once-through burn-up. In effect the accelerator may be employed as a substitute for frequent reprocessing and recycle. The accelerator makes possible reduction in plutonium and minor actinides from current LWRs by a factor of more than ten without reprocessing while converting the plutonium remnant to a non-weaponsuseful isotopic composition. The accelerator also enhances the once-through energy production from fertile material by a factor of ten without reprocessing compared to once-through LWR technology. This technology would eliminate the need to deploy plutonium production indefinitely, and reprocessing and recycle for at least several hundred years. The energy production technology proposed here operates primarily on the Th-U cycle with a minor contribution from the U-Pu cycle to eliminate the weapons-usefulness of 233 U. There are two key innovations in addition to the accelerator. One is the use of liquid fuel flowing once through a pool of material undergoing fission thereby allowing high burn-up concurrently with continuous removal of fission product without reprocessing. The second is the unanticipated low capture cross section of fission product nuclides which substantially enhances the neutron economy in this type of system. The supplement of neutrons from the accelerator, the reduced fission product neutron capture, and the continuously flowing fuel are the enablers for the performance described here. This technology allows an essentially complete decoupling of nuclear energy from nuclear weapons Introduction While the introduction of accelerators into nuclear energy technology has been studied conceptually for almost ten years, the potential of the accelerator is still not well understood in the nuclear energy community. Much effort has been made to integrate the accelerator into existing nuclear technology to achieve incremental improvements over reactor technology alone. Often these systems also incorporate high performance fuel, new coolants, highly selective reprocessing chemistry, and very rapid recycle to achieve enhanced performance. One must ask whether the improvement is primarily a result of the accelerator or of the other technology advancements proposed. Thus far the response seems to be that the gains from the accelerator itself are modest and insufficient to justify the added cost.
Introduction
While the introduction of accelerators into nuclear energy technology has been studied conceptually for almost ten years, the potential of the accelerator is still not well understood in the nuclear energy community. Much effort has been made to integrate the accelerator into existing nuclear technology to achieve incremental improvements over reactor technology alone. Often these systems also incorporate high performance fuel, new coolants, highly selective reprocessing chemistry, and very rapid recycle to achieve enhanced performance. One must ask whether the improvement is primarily a result of the accelerator or of the other technology advancements proposed. Thus far the response seems to be that the gains from the accelerator itself are modest and insufficient to justify the added cost.
The accelerator is an expensive addition. It is highly doubtful that incremental improvements can justify the additional costs in the cost competitive market in which the accelerator-driven systems must operate. Moreover, most realists understand that new nuclear energy systems must function at a lower cost than presently developed technology if nuclear energy is to continue. The accelerator therefore can never be introduced for the objective of incremental improvement of existing nuclear technology. It must be an enabler for greatly improved performance at overall lower expense.
Therefore in introducing an accelerator, one must take a grass-roots approach laying aside biases and old wives tales to search the nuclear technology parameter space for the avenue to significant performance enhancement at reduced overall costs. Fast reactor technology is not a fruitful field to examine because one of the primary advantages of the accelerator, which is the enhancement of the system neutron economy using accelerator-produced neutrons, is not valuable in view of the already favorable neutron economy of fast spectrum systems. The addition of an accelerator to such a system only "guilds the lily" with respect to neutron production while solving none of the other problems of cost and overall system complexity. Furthermore, in a waste transmutation mode, the fast spectrum has no selective capability for destroying the fissile nuclides which constitute weapons material. By contrast, the fission and capture cross sections for thermal spectrum neutrons is about 100 times larger for fissile than for non-fissile isotopes.
The ADNA Corporation has focused therefore on thermal spectrum systems that offer many operational and cost advantages but whose performance is limited by the neutron economy. For such systems the accelerator-produced neutrons could provide high leverage toward improved performance. An example explored in more depth in this report is shown in Fig. 1 . The figure shows that the additional expense of the accelerator allows a major simplification in infrastructure with major capital and operational cost benefits. In the upper part of the figure the existing technology shows the technology array required to obtain energy from the uranium resource beyond that available from 235 U. The existing light water reactors (LWRs) operating in a once-through mode extract less than 1 % of the energy potentially available from the mined fuel and the rest of the infrastructure allows higher burn-up. In the lower part of the figure a simple system, to be described below, is shown allowing order of magnitude gains in energy extraction from mined nuclear fuel by adding an accelerator and thereby greatly reducing infrastructure required to accomplish the same without the accelerator. The accelerator and the system it drives replaces MOX recycle, fast reactor recyle, reprocessing, fuel refabrication, and fuel enrichment.
Other accelerator-driven concepts do not approach the new performance illustrated in Fig.1 . An important innovation making the new performance possible for both waste transmutation and energy production is illustrated in Fig. 2 . The conventional approach is shown in the upper part where material is removed in solid or liquid form, reprocessed for removal of fission product only, and the actinide is then returned for further burning. emphasizes the complex infrastructure necessary to fission more than about 1 % of the mined fuel. The lower portion emphasizes the simplicity possible with a thermal-spectrum molten-salt acceleratordriven system that enables an order of magnitude increase in utilization of the mined fuel. The dashed enclosure shows that the accelerator-driven system substitutes for the complex and expensive capital and operating costs of current technology. In the new approach shown in the lower part of the figure there is no back-end recycling because in the thermal spectrum system proposed here, fission product removal and recycle is unnecessary to achieve high burn-up of actinides. Fuel lifetime is not a limitation issue since the liquid fuel requires no cladding. The neutron economy necessary for enabling high burn-up is enhanced by burn-out of high cross section fission product nuclides in the thermal spectrum and by enhancement of the neutron economy by accelerator-produced neutrons.
It is important to note another important feature of the new approach illustrated in the lower part of Fig. 2 . The transmuter is a true pot so that salt is not just confined to a single path from entry to exit. Entering salt will mix with the salt in the pot. Some of the entering atoms will go directly to the output. Others will stay a lot longer in the pot than the average atom. The differential equations for burn-up including input and output flow take this type of flow into account. An important benefit of this approach with a thermal neutron spectrum is a reduction of the effective fission product average capture cross section. The lifetime L of a fission product nucleus is given by L = 1/φσ c where φ is the neutron flux and σ c is the neutron capture cross section of the fission product. For a flux of 2 x 10 14 n/cm 2 -s, and a cross section of 1000 barns, the lifetime L = 5 x 10 6 s or about two months. However, there will be a slow rate into and out of the tank of v cm 3 /s and also a volume of salt in the system of V. The average dwell time in the tank of an entering atom or of a fission product created in the tank by fission therefore will be V/v, which for typical operating parameters may be five years or 1.5 x 10 8 s. shown in the upper part of the figure requires chemical processing on the back end to remove fission product and return the PMA for further burning. In the new approach the neutron economy enhancement by the accelerator and the burn-out of the fission product in the thermal spectrum allows a high burn-up without back-end chemical separations.
Therefore the effective capture cross section is not 1000 barns since the fission product is burned out in only two months. The cross section is reduced by the ratio of the burn-out time to the dwell time or by (2 months)/(5 years) = 1/30. 
One may calculate from 1 the capture cross section of each fission product and then weight them according to their isotopic fraction in the fuel. (It is interesting to note that there is an upper limit for σ ceff for very large cross sections given by v/Vφ = 33 barns using the values for φ and V/v used above. No fission product are ever larger than 33 barns.) The value for the σ ceff averaged over all fission products is found to be six barns, which is approximately an order of magnitude lower than average fission product capture neglecting burn-out. The reduced neutron capture cross section allows a greatly enhanced burn-up whether in destroying PMA or in deriving energy from fertile fuel. Calculations by Meplan 1 using MCNP and including resonance and spectrum effects with heterogeneity taken into account give a value of 4.5 barns and therefore even better performance.
An accelerator-driven system (ADS) for transmutation of commercial nuclear waste 2 is shown in Figs. 3 and 4. The system is driven by an accelerator in order to start many chains which run for a relatively short time in contrast to a reactor for which the chain runs continuously until the reactor is shut down. The effective multiplication factor k eff , which is 1.00 for a reactor, may be reduced to the range of 0.98-0.95. One significant advantage of this mode is that the neutrons which otherwise would be required to maintain the chain can be put to other uses, in particular the destruction of nuclear waste. A second benefit is that constraints on reactor design required to keep k eff = 1 can be relaxed and a broader design parameter space is practical. For example, an accidental injection of reactivity which would lead to a major accident for a reactor with k eff =1 would hardly be noticed with k eff = 0.96.
Neutrons are produced by the accelerator beam via the spallation process. In most designs, protons from the accelerator strike a liquid heavy metal target. Some of these protons strike neutrons or protons in the target nuclei and eject them in the forward direction with a lower energy than the incident particle. These neutrons, and sometimes protons, then strike other nuclides and they may eject other forward moving but lower energy particles. This spallation cascade continues until the energy is spent and the total cascade length is about one meter for a 1-GeV beam energy. In any of these nuclear collisions, the struck nucleus is always excited to some degree and these "hot" nuclides get rid of this excess energy by "boiling off" neutrons. In fact about 90% of the neutrons are produced in boil-off reactions while the remainder are produced in the direct reactions already discussed. The boil-off neutrons also are isotropic in contrast to the forward moving direct reaction neutrons. Altogether about 30 neutrons are produced by each 1-GeV proton. Most of these neutrons are produced with energies between 1 and 10 MeV. They slow down by inelastic scattering above 600 keV and by elastic scattering in the lead or surrounding material below 600 keV. These neutrons enter the blanket made up of hexagonal graphite with channels containing fissile material. Between 35 % and 60 % of the accelerator-produced neutrons start fission chains depending on the design. These chains run for about 25 fissions before stopping. Therefore if 50 % of the accelerator-produced neutrons start a fission chain, one 1-GeV proton would generate 30 x 25 x 0.5 = 325 fissions which corresponds to an energy of 325 x 0.2 GeV = 65 GeV. For a beam current of 12 mA, the fission power level would be 750 MWt. Fig. 3 . Thermal spectrum transmuter design. The system is a graphite-moderated liquidfueled assembly with k eff = 0.96; it operates at a fission power of 750 MWt. It is capable of transmuting the waste from one 3000-MWt light water reactor at the rate it is produced. The actinides and fission product continuously flow through the system via the carrier salt NaF-ZrF 4 . The salt flows upward through holes in the graphite, then across the top to the outside of the system, down through internal heat exchangers, and then through a plenum back into the graphite moderator. A salt-tographite volume ratio of 1/20 assures a well thermalized spectrum.
The heat is deposited in the medium and is extracted and converted to electric power with a rather high thermal electric efficiency of about 42 % made possible by the high (up to 720 C) operating temperature of the molten salt or liquid metal design. Some of this power is fed back to the accelerator which generally operates with a buss bar efficiency of about 45 %. For these numbers, the portion of the generated power required to drive the accelerator is 1/(65 x 0.42 x 0.45) = 8.5 %. In practice not all accelerator-produced neutrons start fission chains. The typical figure is about 35 %. Clearly there is much to be gained in capital cost reduction and in power output by designing for the maximum efficiency in accelerator neutron utilization. The 10-cm beam diameter is considerably smaller than the 50-cm diameter lead target allowing the higher energy neutrons to multiply in the lead surrounding the beam column. The hexagonal 100-cm diameter graphite moderates the neutron into the thermal range before they enter the blanket region. The hexagonal graphite assemblies making up the blanket are provided with a 7-cm diameter hole in the center for the molten salt flow, and with a 20-cm diameter removable sleeve. The assemblies fit into a graphite or Hastalloy-N metal plenum at the bottom such that salt flow is only possible in the hole and not outside of the sleeve or between the assemblies. Solid hexagonal graphite assemblies providing a reflector thickness around the outside of about 50-cm are not shown.
The target-blanket design in Fig. 3 consists of a graphite moderator with actinide fuel and fission product carried by a molten salt of NaF-ZrF 4 . If LWR waste is to be burned, the spent fuel assemblies are first fluorinated completely so that everything is converted to fluoride except the noble gases. The resulting UF 6 , some of the ZrF 4 , and a few of the more volatile fission are released as gases. The fission products might or might not be removed depending on the operation. NaF is added to the rest of the fluorinated actinides and the waste actinide and perhaps the fission products are fed into the blanket as solute in the NaF-ZrF 4 carrier. The salt is periodically or continuously removed from the blanket depending on the design. There are several variants on the front-end and back-end chemistry for the various ADS concepts. For some systems no fission products are fed to the blanket. In other systems no back-end separation is required. Elimination of as much chemistry as possible is highly desirable since more development is probably needed in chemistry than in the accelerator and reactor-like components of the system.
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Waste Transmutation
The application of this technology to the destruction of nuclear waste is illustrated in Fig. 5 which shows a standard-sized LWR of fission power of about 3000 MWt burning 1200 kg per year of fissile material and producing 300 kg per year of PMA. It is referred to as a Tier-1 accelerator-driven system (ADS) because it represents transmutation in its simplest form without back-end separations. For further burn-up a system with back-end chemistry called Tier-2 can be implemented 2 to operate on the Tier-1 output stream.
The PMA from the LWR is fluorinated and in the process the uranium is removed as UF 6 . All of the fission product and PMA is converted to fluoride and the zirconium cladding as well. The fission product may be removed or left in depending on the balance desired between burn-up, chemistry, and expense. Sodium fluoride is added in a 1:1 mole fraction ratio with ZrF 4 to form a carrier for the PMA and the fission product. This salt mixture is then fed into the accelerator-driven transmuter which runs at a fission power of ¼ of that of the LWR because the burn rate required is ¼ of that for the LWR (300 kg/year compared to1200 kg/year). If no fission product is fed in and 80 % of the PMA is destroyed by fission, the output from the system is then 60 kg of PMA and 240 kg of fission product.
This single-step process, which eliminates the many complications and expense of back-end chemistry, still allows performance outstanding in several respects. First, essentially all of the fission energy in the spent fuel is recovered without repeated recycle. Second, the remnant plutonium has been transformed into an isotopic composition unsuitable for nuclear weapons use. Third, the isotopic composition is incapable of supporting a thermal spectrum chain reaction so underground criticality of the waste is impossible. The isotopic composition fed into the system is compared with that coming out in Fig. 6 for several calculations of increasing accuracy. The feed isotopic composition is shown in the back with all isotopic fractions adding to one. The next row shows the isotopic composition calculated in a one-group homogeneous method with approximate assumptions about the degree of thermalization of the flux with k eff = 0.96 and with an average fission product capture cross section of 6 barns. The remnant PMA after burn-up is 21 %. This calculation has been improved by Tschistiakov 3 using MCNP in a homogenous geometry that takes into account the resonances in detail, the influence of the isotopic content on the neutron spectrum, and the 6-barn fission product cross section. These results are shown in the third row and show the same degree of burn-up at k eff = 0.96 but with a somewhat more accurate isotopic composition. The front row shows the most accurate calculation done to date by Meplan 1 . It includes heterogeneity and the evolution from start-up to equilibrium. The fission product cross section was calculated taking into account the fission product resonance structure and the detailed variations with energy of the flux.
The average fission product cross section was found to be 4.5 barns instead of 6 barns. The burn-up found with k eff = 0.96 was three times better than the homogenous calculations at a 7 % PMA remnant instead of 21 %. The reason for the improvement is partly a consequence of the lower fission product cross section but more a consequence of taking into account the effects of heterogeneity. For the non-fissile actinides, the resonance self-protection effects associated with the heterogeneity is more pronounced than for the fissile actinide isotopes. This effect reduces the Fig. 5 . Implementation of the once-through transmuter. Spent fuel assemblies from an LWR are first converted to fluorides to remove the uranium as UF 6 , to facilitate the removal of fission products, and to prepare the rest of the waste for insertion into the transmuter as fluoride salt. The primary constituent of the input to the transmuter from the spent fuel is the cladding as ZrF 4 . NaF is added to the mixture and the NaF-ZrF 4 becomes a carrier for the actinides and the fission products. The waste flows into the transmuter continuously and out continuously spending about five years on average inside an effective flux of 2 X 10 14 n/cm 2 -s. Most of the actinide is burned away and the remnant isotopic composition is transformed to material uninteresting as weapons material and incapable of supporting a thermal spectrum chain reaction. Without fission product removal at the input, the burn-up factor is 0.33; with fission product removal the burn-up factor improves to 0.217. Most of the cost of this transmutation is paid for by sale of the fission power into the commercial grid.
effective absorption cross sections of the non-fissile isotopes relative to the fissile isotopes thereby allowing higher burn-up. The Np, which is the most mobile of the actinides is reduced by a factor of almost 20. The amount of 239 Pu is reduced by a factor of about 60. The total of the fissile plutonium isotopes 239 Pu and 241 Pu is reduced by a factor of 40. The 241 Am , which contributes most to the radioactivity of the PMA before burning, is reduced by a factor of about 80 although some grows back in from decay of 241 Pu. The radioactivity immediately after irradiation is about the same as before owing to the production of 244 Cm. However, the total radioactivity reduction 300 years after irradiation would be about 20 times less than if the waste had not been irradiated.
It is important to point out that the isotopic composition of the remnant from the system is the same as the equilibrium composition inside. Since waste is continually being added and removed in equilibrium, this means that the isotopic composition of the fed material is instantly and irreversably changed to the output composition. This is an important feature from a proliferation perspective since other transmutation systems are a source for weapons-useful material if operation is interrupted and fuel removed.
The impact of the deployment of the Tier 1 ADS on the inventory of PMA from a 100-LWR fleet such as that presently deployed in the U. S. is shown in Fig. 7 where the arrest in the growth of these materials and the reduction to a minimum equilibrium quantity is presented. The figure assumes an indefinitely long deployment of one hundred 3000-MWt LWRs. Without transmutation, the inventory of Pu and minor actinide waste would grow by 2050 to about 1800 tons from these LWRs. For simplicity it is assumed that the LWRs were deployed at the rate of five per year for twenty years with deployment beginning in 1975. It is assumed also that the Tier 1 ADS technology would be ready for deployment by 2015. If one 750-MWt ADS were deployed for each LWR, it would only stop the growth in PMA waste or weaponsuseful material with a national inventory of about 1000 tons. To eliminate the potential weapons from this material would require as shown in Fig. 8 a system twice as large using a 1500-MWt version of the Tier 1 technology (or two 750-MWt systems per LWR). The curves assume the deployment of the Tier 1 ADSs at the rate of 10 per year between 2015 and 2025. By the year 2050, the weapons material is brought under control. The reduction of the weapons material is therefore achieved in about one human generation. The only weapons material left is the untransmuted neptunium remaining in the transmuters and in the transmuted waste remnant. Fig. 7 was prepared for the 21 % remnant for the earliest calculation. With the more accurately evaluated performance of the system by Meplan 1 , the same number of systems would be required, but the transmuted waste remnant shown in Fig. 7 would rise less rapidly by a factor of three. Therefore in the year 2050, instead of 480 tons of remnant waste without weapons usefulness, there would be 160 tons of this material left over. It should be mentioned that the solid-fuel fast-spectrum system proposed by CERN would require twice as many units of the same power as those from Fig. 7 because half of the fission is from burn-up of actinides and half from the fission of 233 U. The back-up infrastructure of fuel fabrication, fuel refabrication, and reprocessing also required by the CERN proposal would further increase the expense of dealing with the waste using the fast spectrum technology. Fig. 7 . Tier-1 deployment; growth option. The top curve shows the growth in Pu and minor actinide waste without transmutation for a 100 LWR fleet maintained indefinitely. For simplicity it is assumed that the 100 LWRs were deployed at the rate of 5 per year for 20 years ending in 1995. One hundred Tier-1 ADS systems at 1500 MWt each would be required to reduce the weapons material as shown by a factor of about 100. It is assumed that these units would be deployed beginning in 2015 at the rate of 10 per year. All of the accumulated waste inventory would be transmuted by 2050 or within about one human generation. The non-weapons-useful transmuted remnant, which is about 1/5 of the LWR waste could be stored in a geologic repository or be reduced by an additional factor of 200 in a Tier-2 system 2 .
Energy production from fertile material Nuclear energy generation via reactors or accelerator-driven systems using the thorium-uranium cycle has been studied for many years. An important benefit of this cycle is reduced toxicity of the remnant waste from the thorium-uranium cycle compared to the uranium-plutonium cycle. Another benefit is the abundance of the world's thorium that is four times as large as the uranium resource. All previous concepts have required on-line chemical separations for removal of fission products generated in the fission process. For reactors the degree of separation required may be quite frequent with complete recycling of fuel inventory proposed as often as every 20 days. For this and other reasons, practical technology has not been developed for using the thorium-uranium nuclear energy resource.
Nuclear power from the light water reactors (LWRs) deployed the world over today using the uranium-plutonium does not require such separations and recycling. Our cheapest source of nuclear power comes from LWRs without separations or reprocessing, but cost competition with the LWR from other energy sources is severe.
Recycling of the waste from the LWR by reprocessing the spent fuel to extract the plutonium in the waste and returning it to the LWR for burning adds to the total energy production from a given amount of mined uranium. However the recycling increases costs and opens the door to proliferation of nuclear weapons as a consequence of the separation of a pure stream of plutonium as part of the recycle process.
Therefore the U. S. has not implemented plutonium recycling and has urged the rest of the world to do likewise. The U. S. policy has been weakened by the fact that its approach of once-through fueling of the LWRs with placement of the fuel in geologic storage results in large accumulations of plutonium stored indefinitely. There is therefore a virtually unending threat of recovery of the plutonium for nuclear weapons. The potential number of weapons from the material already accumulated far exceeds the combined inventories of both the U. S. and Russian arsenals at their largest. In addition, the energy value of the plutonium that would be in geologic storage is very large and highly concentrated so mining of geologic storage for recovery of the plutonium would be a significant possibility. Such mining would almost certainly reduce the effectiveness of repository confinement possibly inducing leakage of the radioactivity away from the repository site and also raising the possibility of underground criticality of the thermally fissile material in the repository.
The U. S. once-through policy reduces the complexity and should therefore help to keep costs down, but it also enables fission of only about 0.6 % of the uranium fed into the LWR. This poor use of the uranium and the preferential burnout of the 235 U in the mined uranium accelerates the exhaustion of the uranium resource and the increase in power costs associated with the impending higher costs in fuel production.
Accelerator-driven systems have been proposed in recent years for reducing the waste required for storage, extending the energy recovery from uranium fuel, and also generating nuclear electric energy from thorium. While it seems highly probably that the construction and operations of such systems is technically possible, most systems simply add an expensive accelerator to the already complex nuclear infrastructure with prospects for even higher cost over that for reactor based technology alone. For accelerator-driven systems to have a chance for economic deployment, they should lead to a simplification in the nuclear infrastructure rather than to an additional complication.
The problems with current nuclear energy generation systems can therefore be summarized as follows:
• Marginal current economic competitiveness with other electric power generation technology.
• The fission of only about 0.7 % of the mined uranium which increases the mining effort.
• The early exhaustion of the uranium inventory owing to the poor use of this resource.
• The requirement of proliferation-prone uranium enrichment technology for production of LWR fuel.
• The high production rate of weapons-useful material such as plutonium.
• The large inventories of plutonium stored if once-through LWR technology is deployed.
• The complexity and therefore expense of nuclear technology for burning away the plutonium and higher actinides.
• The proliferation opportunities associated with the reprocessing required for separation of the plutonium from LWR fuel for burning.
• The implementation of expensive and complex fast breeder reactor technology for achieving nearly complete burnout of plutonium.
• A residual waste stream for geologic storage from the once-through LWR which attracts future disturbance of the repository and which does not exhibit minimal toxicity. Without a major advance against these current problems, the survival of nuclear energy is highly problematic.
Thorium burner projected performance
What the world needs now is a system for nuclear power generation which makes much better use of the mined fuel, does not produce weapons-useful material in the first place, does not require the operation of enrichment facilities, does not require reprocessing, can be operated with a greatly simplified infrastructure with associated lower costs, and which yields a reduced toxicity remnant waste stream.
This system operates primarily on the thorium-uranium cycle in a once-through mode with direct storage of the remnant waste. There is no back-end separations requirement for fission product removal. An accelerator beam is introduced into a graphite-moderated subcritical system to drive the power generation and to enhance the neutron economy. Thorium fuel may be continuously fed into the system in the form of a molten salt consisting of ThF 4 with a NaF-ZrF 4 carrier salt. The non-fissile thorium is converted by neutron capture and decay to fissile 233 U which is subsequently fissioned in a thermal neutron spectrum. The resulting fission products form fluoride compounds in the salt, which are dissolved into the carrier salt. Since the salt containing the thorium salt is continuously added, salt must be continually removed to keep the system from overflowing and to allow the establishment of an equilibrium condition. In the equilibrium operation, thorium salt and a carrier salt are added to the system at a particular volume rate and the salt is removed at the same volume rate. The salt removed contains carrier salt, fission product, untransmuted thorium, isotopes of uranium including 232,233,234,235, 236 U, and small amounts of neptunium and plutonium. The uranium by itself might be weapons-useful so a few percent of natural uranium is also included in the feed to eliminate the weapons potential. The isotopic distribution of the very small amount of plutonium resulting from the presence of the natural uranium severely limits the plutonium's usefulness as weapons material.
The approximate characteristics of this system's operation are as follows: Effective multiplication constant (k eff ) 0.92 Thermal-to-electric conversion efficiency 40 % Dwell time of fed thorium in the system 10 years Percent of fed thorium fissioned 7 % Approximate ratio of fed uranium to thorium 4 % Percent of uranium relative to thorium 1 % Percent of plutonium relative to thorium 0.008 % Enrichment of effluent plutonium 30 % Enrichment of effluent uranium 20 %
Complexity and cost. The technology of this invention is simpler than other approaches with the elimination of enrichment, solid fuel fabrication, spent fuel cooling facilities, reprocessing for plutonium separation, fuel refabrication, further burning in LWRs, need for fast breeder reactors, and a complex transportation infrastructure. The addition of the accelerator is therefore offset as shown in Fig. 1 by a great reduction in complexity of the infrastructure. The cost of the addition of the accelerator should be more than offset by the reduction in infrastructure, so cost of nuclear power should be reduced.
Fuel utilization. The burn-up of the fed thorium of 7 % is an order of magnitude higher than that for the once-through burning of uranium fuel in an LWR. Since the abundance of thorium in the earth's crust is about four times that of uranium, the technology extends the nuclear energy resource without reprocessing by a factor of forty. There is no requirement for enrichment, reprocessing, or fast reactor technology.
Weapons-useful material. The plutonium production per kilowatt of power produced is reduced by more than a factor of 500 compared with the present once-through LWRs deployed in the U. S. The enrichment of the plutonium is half that of the once-through LWRs; to put it another way, the 239 Pu production is reduced by more than a factor of 1000 from that of the once-through LWRs. The result is that essentially no weapons-useful uranium or plutonium is produced in this system. The only weapons-useful material is the neptunium, which is produced at the rate of 0.75 kg per year from a 1000 MWe system. It is present in the fuel salt at the mole concentration level of 1 part per million.
Actinide waste toxicity reduction. The long-term toxicity of the actinide waste from this thorium burner is determined primarily by the 233 U and from the uranium cycle by the 239 Pu. When production rates and decay rates are taken into account, the specific long-term radioactivity of the waste from the system described here compared with the LWR is reduced by a factor of about 50. When solubility and transport of 233 U relative to 239 Pu are taken into account as well, the long-term toxicity of the waste from this system is reduced by a factor of 1000 compared to an LWR. For shorter waste storage periods during which the 240 Pu and the 238 Pu components dominate the LWR waste, the advantage of the thorium system is even greater.
Thorium resource utilization at the 100 % level. The system described here burns 7 % of the thorium in a single pass without chemical separations and recycling. If one wishes to achieve 100 % burn-up by recycling the output from this system once in five to ten years, only 50 % of the fission product must be removed. In the chemical separation of fission product from actinide, some actinide is always carried along with the fission product removed. However the highly radioactive species is only about 1 % of the 232 Th and 238 U in the output. If there is equal separation efficiency for all actinides, then an actinide contamination of 1/1000 in the fission product separated translates to a 1/100,000 concentration of 233, 234, 235, 236 U in the fission product extracted and a 1/10,000,000 concentration of 239, 240, 241, 242 Pu in the fission product output. At these concentration levels the total radioactivity of 232 Th and 238 U in the waste stream would exceed that of all of the other nuclides together. From the viewpoint of the actinide present in the fission product effluent, the waste stream may be disposed of by the same methods as depleted uranium. Because of these attractive features, the waste stream from this system probably should be reserved in interim storage for recycling rather than be stored in geologic repositories.
System Description
This accelerator-driven system is similar to the Tier-1 ADS and may be described by referring again to Fig. 3 . A proton beam of about 1 GeV and about 5-10 mA enters from the top and strikes a liquid lead target with each proton producing about 30 neutrons by the spallation process. These neutrons move outward into a graphite moderator with holes for passage of the molten salt NaF-ThF 4 which is the carrier for the thorium, higher actinides and fission products. The neutrons absorption in the actinide causes fission with resulting heat generation and with the production of more neutrons. However, insufficient neutrons are produced to keep the chain reaction going and after about twelve fissions on average the chain stops. Nevertheless since many neutrons are starting these non-sustaining chain reactions, enough fission is taking place to give a power generation comparable to conventional commercial nuclear power reactors.
The heat from fission is deposited in the salt which flows upward through the graphite forming a pool on top of the graphite and moving to the outside where pumps drive the salt downward through a heat exchanger. The heat in the salt is transferred to a secondary salt that carries the heat to a steam generator for production of electric power via a steam turbine. The carrier salt NaF-ThF 4 melts at about 550 C and the operating temperature of the salt as it enters the heat exchangers is about 700 C. At these high temperatures the thermal to electric conversion efficiency is about 40 % which is about 20 % higher than in LWRs. Some of this heat must be used for powering the accelerator, but about 85% of it can be sent into the commercial grid. Therefore even with the power consumed by the accelerator, more electric power is delivered into the grid per thermal kilowatt than is possible with the LWR.
A key difference between this approach and the conventional approach for either reactors or accelerator-driven systems is illustrated in Fig. 2 . The conventional approach is to feed Th or U or both into a system where fission takes place and power is generated. The carrier salt is removed form the system and along with it the fuel (Th + U) plus fission product (f. p.) plus plutonium and minor actinides (PMA). In order to enhance the neutron economy to the highest degree in the subcritical system, the fission products upon which neutrons are wasted are removed by chemical separations and the Th + U + PMA is returned to the subcritical system. The fission products and some leak-through Th + U + PMA are sent to permanent storage. The problem with this approach is that the back end separations chemistry is undeveloped and likely to be expensive. While all technical problems in the chemistry probably can be overcome, the probable expense has deterred the implementation of this technology either as a reactor or as a subcritical system.
The problem is therefore posed as to how to implement the system without back-end separations. The solution is shown in the bottom of Fig. 2 referred to as the new approach. Although several feed possibilities exist, in this system we feed natural Th + U in the ratio Th/U = 96/4. At the same time carrier salt is removed which contains less Th and U than sent in with the difference being made up by the PMA and fission products produced in the system. On average an entering Th or U atom which does not undergo fission will spend about ten years in the system before coming out. It is important to note that the subcritical system functions like a pot full of molten salt and other solid material. It does not function as if there were a continuous pipe carrying the salt all the way through the subcritical system in one controlled flow. Since the system operates as a true pot, some of the entering salt atoms could leave immediately and some might take much longer than the average in finding the exit. The pot stays full all the time so obviously the inflow and outflow rates of the molten salt must be equal.
The first benefit of the continuous flow is that fission product is removed continuously without chemistry and therefore an internal equilibrium is established with a constant concentration of internal fission product. Clearly in the equilibrium state the fission product coming out must equal the production by fission, so removal at the necessary rate is achieved. However the second benefit is that the internal fission product composition, which is the same as that removed, is different from that arising from fission. The most important difference is that exposure of these fission products for about 10 years in a 1 x 10 14 n/cm 2 -s flux will destroy the f. p. with the highest probability for neutron absorption long before the residence time is over as explained already. Therefore even though the fission products are restrained from leaving, their effect on the neutron economy is manageable. Fig. 8 shows the dependence for thorium feed of the effective neutron multiplication k on the neutron fluence (the product of the neutron flux and the dwell time). On the ordinate k = 1 corresponds to a continuous chain reaction. A value for k greater than one corresponds to a multiplying chain; a value for k less than one corresponds to a decaying (non-continuous) chain. The upper curve shows k eff as a function of fluence without including fission product neutron capture or parasitic capture on constituent materials. The curve starts out with k very low because for a low dwell time very little 233 U is produced and therefore the fission multiplication is weak. For longer dwell time or neutron fluence, more 233 U is present and the multiplication rises and exceeds unity. The middle curve shows k eff when the fission product capture is included. Note that the difference between the curves increases as the fluence increases reflecting the increased neutron capture in the fission product. The effect of the fission product would be much greater if the neutron absorption per fission product (the cross section) were not decreasing with fluence as explained earlier. The lowest curve shows the inclusion of capture on constituent materials often referred to as parasitic capture. The operating point chosen for this system is a fluence of 3 x 10 22 n/cm 2 , which corresponds to a dwell time of about ten years for a flux of 1 x 10 14 n/cm 2 -s, and allows a value of k eff = 0.92. This corresponds to a neutron multiplication of 12.5. The system is probably not fully optimized in its present form and with the homogenous calculation used for Fig. 8 . Similar or better performance probably can be achieved with a dwell time of about five years. Fig. 9 shows the fraction of the fed thorium and uranium that is converted to fission product (fissioned) as a function of fluence. Note that the fluence of 3 x 10 22 n/cm 2 corresponds to the burn-up of 7 % of the mined Th resource in this once-through system. The advantage is clear over the currently deployed LWRs which fission an order of magnitude less of the mined uranium resource in once-through operation.
Since the natural abundance of Th in the earth's crust is four times that of uranium, this invention extends the energy resource for a once-through system by a large factor without reprocessing, fast reactors, or other complexities of existing technology.
Another serious problem resolved by this concept is the production of weapons-useful material as a byproduct of all currently deployed nuclear power reactors. The use of This is not the whole story however since this small amount of natural uranium feed also result in the production of plutonium. The isotopic distribution of the plutonium depends strongly on the fluence. For a fluence chosen here of 3 x 10 22 n/cm 2 -s the distribution of the plutonium isotopes 239, 240, 241, 242 Pu is 0.287, 0.422, 0.078, 0.213. Neglecting the 241 Pu, which decays to 241 Am with a 14-year half-life, gives a plutonium enrichment of 31 %. The amount of plutonium in the output salt is about 8 kilograms per year for a 1 GWe system and the mole fraction concentration of plutonium in the effluent stream is about 20 parts per million. At 31 % enrichment, the plutonium is less reactive than the 20 % uranium, so presumably this low quality plutonium is not of weapons interest even if were practical to recover it from the effluent at the 20 ppm level. The other weapons material produced if it could be separated is the isotopically pure 237 Np. However this is produced at a rate of only 0.75 kg/year from a 1 GWe system and is present in the effluent at the 1 part per million level. At this production rate and this concentration, there would appear to be little incentive to attempt to recover 
